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Abstract
We analyze the singlet axial form factor of the proton for small momen-
tum transferred in the framework of QCD sum rules using the interpolating
nucleon current which explicitly accounts for the gluonic degrees of free-
dom. As the result we come to the quantitative prediction of the singlet
axial constant. It is shown that the bilocal power corrections play the most
important ro^le in the analysis.
1. Introduction.
The investigation of polarized deep inelastic scattering is one of the
most attractive eld for theoretical consideration since it provides an im-
portant insight into the structure of hadrons and opens a large area of
subtle dynamical phenomena associated with the spin dependent case. In
the last several years there has been an increasing interest in the deep in-
elastic structure function gp1(x). It was provoked by the EMC result on
the scattering of the longitudinally polarized muon beam on a longitudi-
nally polarized hadron target. The unexpectedly small asymmetry found
by EMC has led to the so called "spin crisis in the parton model" and has
raised a number of questions of understanding the dynamics of the proton
spin on the parton level, namely, how the nucleon spin is build up from the
spins of its constituents. An enormous flood of theoretical investigations
was generated in order to resolve the current "spin problem" [1]. The EMC
measurement of the rst moment of the polarized structure function Γp1 can



















































as a rst ever measurement of the singlet axial constant G
(0)
A (0) of the
proton. The last one turns out to be unexpectedly small in contradiction
with the na¨ve parton model where it is fairly close to unity. The EMC
reported the result for G(0)A (0) which is compatible with zero. Two new
experiments are under way to check their measurement of gp1(x) and to
measure an analogous neutron function gn1 (x). The recent analysis [3] of
all proton data at Q2 = 10GeV 2 gives G
(0)
A (0) = 0:27  0:08  0:10, that
is still far from unity. So the problem reduces to the evaluation of G
(0)
A (0)
because the other two axial constants can be extracted reliably from the
data on neutron and hyperon -decays. In this paper we calculate it in
the framework of QCD sum rule approach which till now seems to be the
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most powerful method for extraction of information about the low energy
properties of hadrons and the closest one to the rst principles of the theory.
In eq.(1) the functions G
(i)
A (Q
2) are form factors at zero momentum



















where i is a SU(3)f index, q = p2 − p1 and Q2 = −q2. There is an
important dierence in the behaviour of induced pseudoscalar form factors
at small momentum q. Here, the singlet pseudoscalar form factor does not
acquire a Goldstone pole at Q2 = 0, even in the chiral limit, contrary to
the matrix elements of the octet currents. It is known that this limit, in
which the masses of the three light quark flavours are neglected, is not
far away from the real world of hadrons. In this limit, there exist eight
massless pseudoscalar mesons serving as Goldstone bosons. However, the
ninth pseudoscalar, the 0-meson, remains massive. In the following this
property will be used to extract a value of G
(0)
A (0) from the sum rules.
It has been established [1] that the rst moment Γp1 does not measure
the contribution of the quark spins to the proton one. This happens due
to the anomalous nonconservation of the singlet axial current. For this
reason, we display the ro^le of this profound feature of the theory from the













where Nf is a number of flavours (later Nf = 3). Taking the divergence of
eq.(2) for the singlet axial current and making use of the last expression
we come to the relation which directly connects, in the chiral, limit the










2) that is equal to the
2mNG
(0)
A (0) at Q
2 = 0.
1Throughout the paper, we adopt the conventions in Itzykson and Zuber
[4].
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2. Axial form factor at small momentum transferred.
For a long time all calculations of the nucleon characteristics use a par-
ticular three-quark current introduced by Ioe [5]. When one makes an
attempt to evaluate the matrix elements of quark-gluon or gluon opera-
tors, one faces evident calculational diculties, moreover, the nal sum
rules are aggravated by extra UV logarithms due to mixing of operators
and, therefore, the calculations are aected by noncontrollable uncertain-
ties [6].
In eld theory, the usual statement that the nucleon mainly consists of
three quarks means that the 3 quarks ! 3 quarks Green function (three
quarks are in a state with nucleon quantum numbers) has a pole at the
mass of the nucleon, with the total angular momentum J = 12 , with a
signicant residue. The fact that the nucleon is not just a three quark
state means that the nucleon pole also occurs, albeit with smaller residue,
in Green functions such as 3 quarks+g! 3 quarks+g. For this reason, one
is forced to introduce a more sophisticated interpolating proton eld which













The latter was investigated in ref. [7] and checked in the calculation of
proton gluonic form factor normalized to the fraction of nucleon momentum
carried by gluons. Recently, making use of this current the twist-3 and
twist-4 corrections to Bjorken and Ellis-Jae sum rule have been found [8].
The advantages of this current are straightforward: the calculations are
drastically simplied, sum rules are free from additional divergences that
are not removed by the single Borel transformation.
The usual technique of QCD sum rules is to extract the nucleon ma-
trix element of local operator from the appropriate three-point correlation
function. This correlator is the sum of dierent tensor structures each





































after referred to as W ) because of its lower dimensionality. Another reason
in favour of this choice is that it does not lead to the ctitious kinemat-
ical singularities in q2 as the last term in eq.(5) does. For this invariant














(s1 − p21)(s2 − p
2
2)
+    ; (6)
where the ellipses stand for the polynomials in p21 and p
2
2 which die out after
the double Borel transformation has been applied. For the physical spectral














2)(1− (0 − s1)(0 − s2)): (7)
The function in front of the double-pole term is a combination of form
factors we are interested in up to certain overlap G between the state
created from the vacuum by G and the nucleon state





So, our aim is the evaluation of the correlation function (5) in QCD. In the
case when all the momenta (−p21)  (−p
2
2)  Q
2 are suciently large (of
an order of 1GeV 2) the leading contribution comes from the domain where
all distances are small. Thus, the standard machinery of short distance
expansion are applicable, allowing one to express the nal result in terms
of quark and gluon condensates. The problem is modied drastically if
the squared momentum transferred becomes small (Q2  (−p2i )) because
the relevant t-channel distances can be large. In this case the OPE has a
twofold structure [9]. Terms of the rst type arise from the SD(I)-region
when all intervals x2  y2  (x − y)2 are small. Another contribution
comes from SD(II)-region (bilocal power correction) which originates from
the distances x2  y2  (x − y)2. The necessity for the bilocal power
corrections can be traced from the fact that the ordinary QCD Feynman
diagrams contributing to the form factor at moderately largeQ2 in the limit
of small Q2 posses logarithmic non-analyticities (Q2)nlnQ2, which signals
that large distances come into play [10]. Therefore, we have to subtract
4
such a perturbative behaviour from the corresponding graphs and add the
"exact" correlators which account for the nonperturbative eects and thus
possess the correct analytical properties as Q2 goes to zero. So the OPE
in the case when the momentum transferred can be arbitrary small has a






















2)WBLi (x; q); (9)








in the limit Q2 ! 0. The second term determines the large t-distance
contribution. Here WBLi are the two-point correlators
WBLi (x; q) =
Z
d4yeiqxh0jT fG(y)Oi(x; 0)g j0i (10)






fGa(y) and some nonlocal string
operator with denite twist (not dimension) [12, 13] that arises from the








The bilocal power corrections cannot be directly calculated in perturbation
theory but we can write down the dispersion relation for them










assuming the standard spectral density model with continuum to start at
some threshold s0 and nding in some way its parameters. We always do
this constructing auxiliary sum rules. There is no need in additional sub-
tractions in eq.(12) because one always deals with the dierence between
the "exact" bilocal and its perturbative part; so due to the coincidence of
their UV behaviours the subtraction terms cancel in this dierence.
Calculating the bilocal power corrections we account for the lowest twist-
3 operators because we expect the higher twist contributions to be rather
small. As can be easily traced from eq.(15) such a contribution arises
only (in the symmetrical kinematics 1 = 2 which we will accept in the
following for the Borel parameters) for bilocals with the coecient function
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containing the quark condensate. All other bilocals correspond to the next-
to-leading twists and, thus, will be omitted below.
To simplify the calculation of the power corrections, it is convenient to
use xed-point gauge for the background gluon eld (x − x0)Ba(x) = 0.
We chose the xed point in the vertex of the gluon operator x0 = 0. The



































































where  = x − y, Gab = gf
acbGc for the gluon propagator and G =




For the noncollinear quark condensate we use the following expansion in
terms of local vacuum expectation values [15]:









m20h   i
"







The ellipses stand for the higher dimension vacuum condensates.
Collecting all the contributions we come to the Borel sum rule with the






















































































(4J11 − J02) +
 














































































































































































































































































































































 = s1 + s2 +Q
2; R(s1; s2; Q
2) = 2 − 4s1s2: (22)
The functions Jnm are originated from the diagrams in the rst row in










The functions In represent the dierence between the perturbative part
of the bilocal power corrections (the second row in g.1) and the continuum















As can be easily seen the expressions in the brackets in eq.(15) are free
from logarithmic non-analyticities, they are replaced by the combination
s0 +Q
2 which is "safe" in the limit Q2 ! 0.
We state that contrary to refs. [8] where the sum rules with the same
interpolating nucleon eld were dominated by the contribution from the
highest dimension operators, our sum rule does not aect by them: the
coecient functions that are determined to the leading accuracy by tree
and one-loop diagrams vanish identically. Therefore, we do not meet the
problem of breakdown of OPE for the correlator in question.
The last line in eq.(15) represents the leading bilocal correction, see
the graph in g.2. The functions ’(i) are those describing the light-cone
momentum distribution of gluons inside a meson. In the following we will
take for them the asymptotical form which seems to be not far away from
the reality
’(1)() = 302 2:
’(2)() = 420(−)2 2 (25)
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0 of some gluon operators with the





















and may be found from additional sum rules. In the last line, the wave
functions 
(i)






The f0 constant was calculated in ref. [16] in connection with the pseu-
doscalar gluonium, while the other two will be extracted below.
3. Bilocal correlator.













by the contribution of low lying resonances with the corresponding quan-
tum numbers, in our case by the 0-meson. It is likely to be the only
prominent singlet pseudoscalar both in quark and gluon channels. It turns
out that due to the antisymmetrical tensor structure involved, the contri-
bution of ordinary local power corrections with gluon condensates vanish
identically in the theoretical part of the sum rules. For this reason, we ac-
count for nonperturbative eects introducing the concept of nonlocal gluon
condensate [17] which corresponds to innite series of local ones. It can
be appropriately decomposed into two tensor structures multiplied by the
9


















This form explicitly separates out the term proportional to DNA(x
2) that
violates the abelian Bianchi identity, while the second term satises it. It
has been shown that linear connement occurs when DNA(x2) is present in
(29) while the second term does not contribute to the string tension [18].




0 constants only the abelian form
















A) = (− 
2
A); (31)
where 1=A is an abelian correlation length of the vacuum fluctuations; it




0:03GeV 2 at 1GeV 2 [20]. One comment concerning eq. (30) is that in de-
riving a QCD sum rule one may always perform a Wick rotation x0 ! ix0
and treat all the coordinates as Euclidean, x2 = −x2E < 0.





































while the ratio jf (2)0 =f
(1)
0 j  1=140 turns out very small and we neglect the
second constant in the following analysis.
The fact that one of the gluon currents has nonzero Lorentz spin leads
to the absence of direct instantons in the polarization operator of interest
10
[21]. In the correlator considered the power corrections are small and we





















The value of the continuum threshold is found from the requirement of
the most stable sum rule (32). Straightforward analysis gives us the value
s0 = 2:5GeV
2 which coincides with the one obtained in ref.[22].
We use the standard ITEP values of condensates rescaled to the nor-
malization point 2  m2N  1GeV
2 with the appropriate anomalous di-
mensions: huui = (−0:257GeV )3, m20 = hug(G)ui=huui = 0:65GeV
2 and
continuum threshold 0 = (1:5GeV )
2.
4. Summary.
The singlet axial constant is not a renormalization group invariant.
Therefore in order to compare our prediction with the experimentally mea-
surable quantity, we have to evolve it from QCD sum rule scale 2  1GeV 2
up to the one of the EMC-SMC experiment which isQ2 = 10GeV 2 exploit-
























2 = 10GeV 2) = 0:29; (36)
with the accuracy not to be worse than 30%. Errors are due to the 
dependence of the sum rule, the uncertainty in the value of continuum
threshold s0 and the bilocal power corrections omitted. This value is in
good agreement with the new world average value for the singlet constant.
Numerically it is the bilocal power correction that is the most impor-
tant (similar situation has been observed for the isosinglet axial constant
[23]) while the whole dependence on the particular baryon current is ab-
sorbed into the coecient function. With the fact on hand we come to
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the same conclusion as the authors of ref. [24] that the suppression of the
flavour singlet component of the rst moment of gp1 observed by the EMC-
SMC collaboration is a target-independent feature of QCD and is not the
property of the proton structure.
In ref.[22] an attempt has been undertaken to evaluate G
(0)
A (0) by QCD
sum rules in a way similar to the calculation of the octet axial constant
[25]. However, due to the presence of the anomaly in the induced vacuum
condensates the problem diers signicantly from the one for G
(8)
A (0). This
feature was incorporated in the calculation but nevertheless the authors
did not come to a reasonable quantitative prediction of the singlet axial
constant. And it has been conjectured that the OPE breaks down for the
singlet axial current in the axial-nucleon-nucleon vertex. However, we did
not observe any evidence of the divergence of the OPE in the correlator
under investigation: the contribution of the highest dimension vacuum
condensates unsuppressed by a number of loops is absent.
A possible line of development would be to estimate twist-three quark-
gluon and three-gluon [26] contribution to the moments of the transverse
spin structure function g2, as well as twist-two polarized gluon distribution
in the nucleon. However, the latter would require elaboration of the new
procedure for seperation of the large and small distances in the eective
four-point correlator.
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Appendix A.
In this appendix we present some useful integrals needed in the addi-
tional factorization of large and small distances in the ordinary Feynman
12
diagrams. Keeping the lowest twists contributions into the perturbative




































































































































































where ~q = q, and Cmn =
n!
m!(n−m)! are binomial coecients.















































































































































S1() =  (1 + ) + γE : (A10)
where we have used the MS-scheme.
As can be easily seen the logarithmic terms in eqs. (A4 − A8) repro-
duce the leading non-analiticities in the expressions for ordinary diagrams
contributing to the form factor at the moderately large Q2. Therefore this
perturbative "long-distance" behaviour cancels exactly in the dierence of
the diagrams in the rst and second rows in g.1.
Appendix B.
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Here we present the formulae which enable to represent the integrals







































































[1] For a review, see Efremov A.V., Leader E., Anselmino M. // Phys.
Rept. 1995. V. 261. P. 1.
Ioe B.L. Preprint ITEP-61, 1994.
[2] Ellis J, Jae R.L. // Phys. Rev. 1974. V. D9. P. 1444; 1974.V. D10.
P. 1669.
Kodaira J. // Nucl. Phys. 1980. V. B165. P. 129.
Larin S.A., Vermaseren J.A.M. // Phys. Lett. 1991. V. 259B. P. 213.
Larin S.A. // Phys. Lett. 1994. V. 334B. P. 192.
[3] Adams D. et al. // Phys. Lett. 1994. V. B329. P. 399.
[4] Itzykson C., Zuber J. Quantum Field Theory. McGraw-Hill, 1980.
[5] Ioe B.L. // Nucl. Phys. 1981. V. B188. P. 317; 1981. V. B191. P. 591.
[6] Ioe B.L. // Yad. Fiz. 1995. V. 58. P. 1492.
[7] Braun V.M., Gornicki P., Mankiewicz L., Scha¨fer A. // Phys. Lett.
1993. V. 302B. P. 291.
[8] Stein E., Gornicki P., Mankiewicz L., Scha¨fer A., Greiner W. // Phys.
Lett. 1995. V. 343B. P. 369.
Stein E., Gornicki P., Mankiewicz L., Scha¨fer A. // Phys. Lett. 1995.
V. 353B. P. 107.
[9] Balitsky I.I. // Phys. Lett. 1982. V. 114B. P. 53.
15
[10] Amati D., Petronzio R., Veneziano G. // Nucl. Phys. 1978. V. 140B.
P. 54.
Libby S.B., Sterman G. // Phys. Rev. 1978. V. D18. P. 3252.
Ellis R.K. et al. // Nucl. Phys. 1979. V. B152. P. 285.
[11] Balitsky I.I., Yung A.V. // Phys. Lett. 1983. V. 129B. P. 328.
Ioe B.L., Smilga A.V. // Nucl. Phys. 1984, V. B232. P. 109.
Nesterenko V.A., Radyushkin A.V // JETP Lett. 1984. V. 39. P. 707.
Balitsky I.I., Kolesnichenko A.V., Yung A.V. // Phys. Lett. 1985. V.
157B. P. 309.
[12] Balitsky I.I., Braun V.M., Kolesnichenko A.V. // Nucl. Phys. 1989.
V. B312. P. 509.
[13] Radyushkin A.V., Ruskov R. // Phys. Atom. Nucl. 1993. V. 56. P.
630; 1995. V. 58. P.1440.
[14] Novikov V.A., Shifman M.A., Vainshtein A.I., Zakharov V.I. //
Fortschr. Phys. 1984. V. 32. P. 585.
[15] Grozin A.G. // Int. Jour. Mod. Phys. 1995 V. A10. P. 3497.
[16] Novikov V.A., Shifman M.A., Vainshtein A.I., Zakharov V.I. // Phys.
Lett. 1979. V. 86B. P. 347.
[17] Gromes D. // Phys. Lett. 1982. V. 115B. P. 482.
[18] Dosh H.G., Simonov Yu.A. // Phys. Lett. 1988. V. 205B P. 338.
Simonov Yu.A. // Nucl. Phys. 1988. V. B307. P. 512; 1989. V. B324.
P. 67.
[19] Mikhailov S.V., Radyushkin A.V // Phys. Rev. 1991. V. D45. P.1754.
Mikhailov S.V. // Phys. Atom. Nucl. 1993. V. 56. P. 650.
[20] Nikolaev S.N., Radyushkin A.V. // Nucl. Phys. 1983. V. B213. P. 285.
[21] Novikov V.A., Shifman M.A., Vainshtein A.I., Zakharov V.I. // Nucl.
Phys. 1981. V. B191. P. 301.
[22] Ioe B.L., Khodzamiryan A.Yu. // Sov. J. Nucl. Phys. 1992. V. 55. P.
1701.
16
[23] Henley E.M., Hwang W.-Y. P., Kisslinger L.S. // Phys. Rev. 1992. V.
D46. P. 431.
[24] Narison S., Shore G.M., Veneziano G. // Nucl. Phys. 1995. V. B433.
P. 209.
[25] Belyaev V.M., Ioe B.L., Kogan Ya.I. // Phys. Lett. 1985. V. 151B.
P. 290.
[26] Belitsky A.V., Efremov A.V., Teryaev O.V. // Phys. Atom. Nucl.



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(1) (2) (3) (4) (5)
Fig.1. Contribution to the eective axial form factor in the QCD sum






































































































Fig.2. Leading twist bilocal power correction.
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